Large scientific facilities such as particle accelerators are scenarios that require continuous maintenance and specific type of interventions. The intervening personnel are sometimes required to work exposed to residual radiation. The inclusion of robotic systems into these environmental conditions are being encouraged to increase the availability of the facility and reduce personal radiation doses. However, this scenario presents challenging conditions for robotic systems in terms of structural, equipment and environmental conditions. This paper addresses the design of a modular robotic system as an alternative to conventional robots to overcome the challenges. This work also explores the various capabilities of the design along with its future possibilities. The SMART heterogeneous modular robot systems, prototype and simulation results are presented.
Introduction
In the robotics field, conventional robots have established their use in various platforms and environments. Focussing on the industrial and scientific facilities industrial arms [1] and mobile teleoperated platforms [2] among other conventional robots have been significantly useful in performing predetermined tasks successfully. Despite the advantages shown by the conventional robots, they are limited by their fixed morphology, capabilities, development time and initial costs [3] . Adaptability has been a key trait observed in nature for the survival of different living organisms. When a robot displays this trait its functionality would not be limited to actions initially conceived but will evolve depending on the need. When the robot is not able to evolve to the needs, new platforms need to be developed. Modularity by definition is the ability of the system components to separate and recombine [4] [5] to extend the adaptability of the system. Modular robots explore in the direction of adaptability in robot design [6] [7] , as they are composed of individual modules that can connect in different ways with each other to manifest different morphologies or robot configurations. They can adapt to new tasks and environments by changing into different structures or configurations. Hence, they are being used in various domains due to their form and adaptability in comparison to conventional robots. Increased adaptability would see longer and diverse use of them. Modular robots have low fabrication cost with respect to developing different conventional robots that perform different tasks due to reuse of the fundamental blocks to achieve different morphologies and functionality. Modular robots are broadly classified into Homogeneous and Heterogeneous systems. Single type of basic modules (Homogeneous -e.g., M-TRAN [8] and ATRON [9] ) and different basic modules (Heterogeneous systems -e.g., SMART [10] ). Using few basic modules could lead to more intensive testing of the basic modules. It also provide an opportunity for increased robustness and failure recovery through reconfiguration and easy module replacement on failure. The different modules of the robot allow it to dynamically adapt its configuration to continue performing operations such as manoeuvring, navigating and executing the tasks in the environment, even after being impeded by obstacles. Fault tolerance through the use of redundant modules can also be performed, similar to the practice in space missions [11] . The robot configuration needs to ensure robust control and manipulation of the modular robot system despite increased diversity and complexity introduced through addition of different modules.
Large facilities which have hazard of ionizing radiation produced during operation are generally nuclear fission, nuclear fusion reactors and large scientific facilities which conduct experiments in particle physics using accelerators. For the rest of the paper we will focus on large scientific facilities like CERN (European Organization for Nuclear Research, Geneva) or GSI-FAIR (GSI Helmholtz Centre for Heavy Ion Research, Darmstadt) as primary environment for robot deployment. At these facilities particle beams are generated and accelerated to perform experiments. These beams interact with matter and activation of the matter occurs. The strength of activation depends on the length of exposure, strength of the beam, material properties and others. When the experiment is shutdown for maintenance or other interventions within the ionizing radiation sections of the facility, the maintenance crew and others who enter are exposed to the residual radiation. Prolonged human tissue exposure to even low ionising radiation dose could lead to health defects. Measures to ensure the crew safety like, As Low As Reasonable Achievable (ALARA) are followed at CERN [12] . At CERN multiple accelerators work together to increase the beam energy through a large tunnel network. As new experiment and processes are set with higher beam energy the residual radiation is expected to increases. Hence deploying robots to perform the tasks in accelerator tunnels is preferred, provided that the platform achieves the safety and robustness required for deployment in such facilities.
In this paper we present the challenges encountered in this environment and tasks required to be performed in section 2. In Section 3 the design of a modular robot (SMART) which attempts to overcome these challenges is presented. Simulations satisfying the requirements are presented in section 4 and the applications of the modular robot and its simulator are presented in section 5. Future work and conclusions are presented in section 6.
Constraints and Task Requirement
The Large scientific facilities present a challenging environment to the deployment of robots, primarily because during the design of the facilities the use of robots was not conceived. An example, The LHC (Large Hadron Collider) was suggested in 1983 and construction started in 1998 at which times robots use for maintenance and other tasks was not considered for all the equipment. A working problem and need is seen at CERN as particle physics experiments push the accelerator beam energy higher and the collisions will occur at higher energy. This makes the equipment like collimator, beam splitters, etc and also sections like the beam dump area (ISOLDE at CERN) reach higher levels of activation. When these equipment emitting ionizing radiation need to be changed or operated upon, the intervention is planned to make sure that the maintenance personal receive minimum radiation doses and stay under safety limits. Before the maintenance and other crew members access the accelerator tunnels, the Radiation Protection personnel do an ionising radiation survey. Various strategies are being explored to avoid prolonged human tissue exposure to the ionising radiation. Like, mobile platform with robotic arms controlled using bilateral control strategies, modular robotic systems to perform the various required tasks of maintenance, overhead robotic system like TIM [13] and others.
Constraints
The constraints faced in these facilities can be classified as the following:
Structural challenges-The facilities lack of robot friendly structures. It is complex to navigate to the work site due to the compact spaces and unstructured sections. Other structural challenges include the access barriers that are present to restrict access for humans and special provisions need to provided for robot access e.g. special access doors were added for the TIM robot when deployed in LHC experiment at CERN.
Equipment challenge-Different equipment is present inside the accelerator tunnel for the functioning of the facility and safety of this equipment is critical. Hence, any foreign element (e.g. humans, robots) deployed needs to ensure safety and avoid accidental damage to the equipment.
Hazards-Ionizing radiation causes faults in equipment [14] due to single event upsets (SEUs) in electronics and the accumulated dose effect damages any equipment or organic matter. Other hazards such as gas leaks, may also be present.
The robot system needs to take into account all the above physical constraints along with the task requirements.
Requirements
The primary requirement of the modular robot system is to safely navigate to the target location in the facility to perform the required task. This would need to overcome unstructured spaces, varying lighting conditions, over cable ramps and through special access gates. Special access doors dimensions from TIM design [13] which is 480 mm wide x 530 mm height are used as basic access door restriction. Tasks like remote inspection and manipulation need to be performed at the beam height which varies between 1000 mm to 2000 mm depending on the accelerator. The active working time of four hours is necessary for remote manipulation.
The secondary requirements of the system are to reach difficult sections e.g. TCC2 hall [15] at CERN where many beams lines are present and access to various beam lines by the robot is possible by either going under the beam lines or using overhead bridges. That would require the robot to be able to navigate in narrow restrictive spaces and negotiate steps. Also the robot needs to be able to extended functioning to new tasks and complex remote manipulation.
Tasks
The tasks are directed towards reducing the interaction of human beings with this hazardous environment and hence performing as many tasks as possible using the robot system would be ideal. Therefore, reducing the number of human interventions and downtime of the experiment along with avoiding the need to develop new robot platforms for new tasks.
The primary task requirements are remote inspection in the facilities for conducting maintenance survey. Radiation measurement to generate fast radiation maps of sections. Therefore ensuring better planning and eliminating the need for the radiation protection personal doing this task manually and also reducing the downtime of the facility. Remote manipulations on the maintenance consoles for planned and evolving tasks.
The different tasks that are performed are classified as planned tasks (which are rehearsed in a mock-up before intervention in the accelerator tunnel) and evolving tasks (which need to be handled by the robotic system and are not rehearsed explicitly before execution of the task). The tasks need to be performed under different load conditions, using different tools depending on the section or equipment on which maintenance is being performed. Due to these challenges the system requires long endurance to negotiate the structural challenge as well as have sufficient energy left to perform the necessary task. The deployed robot needs to be robust and fault tolerant so that no damage to the facility or the equipment occurs. Failure to comply would require manual intervention and recovery which needs to be avoided at all costs and defeats the purpose of robot deployment. A few scenarios that are frequently encountered require the ability to optimise the use of actuation, speed of completion of the task, maximum active time, and their combination.
Hence, this work is towards the use of robots in hazardous environment and performing wide rage of tasks. Therefore, reducing the downtime of the facility and preventing the need for human interaction in ionising radiation environments.
Modular Robot System
To overcome the constraints and needs of a wide range of tasks the second iteration of SMART [10, 16] heterogeneous modular robot system is presented. It also takes into consideration the need for different capabilities, along with robustness and safety. It is a heterogeneous modular robot system composed of three different basic 
Modules
Modules are base components of the system and are classified into three types: power-control module, joint module and specialized module. The modules take into consideration the need for flexibility in using the basic components and partial upgrades of modules as need arises. The separation of modules is based on their functionality and benefits for the ionising radiation facilities. As the modular robot will have to perform some complex operations like reaching a hard to plan location or searching for the best reconfiguration for a new task during operation. The heterogeneous robot design also helps compensate the inability to expand of functions a robot can perform in comparison with homogeneous robots.
Power-Control Module (P-C) in SMART is a 150 mm x 55 mm x 90 mm cuboid Figure 1 . It has been designed to decouple the electronics, communications and power source from the rest of the modules. The advantages, control being in a separate module, the module can be better shielded and reduce the risk of failure due to SEUs and accumulated dose. It also allows the use of additional computational units with the module and easy upgrade in the future as the technology improves. It is currently connected with permanent connector achieved by manual screws but a connector mechanism is being designed to ensure easy docking and undocking using the least amount of energy.
Joint module (J) represents any type of active or passive actuator such as linear, rotary, pneumatic hydraulic, spherical, etc. In this case, an actuator with 3 rotational degrees of freedom whose axes intersect at one point is used. This module [17] has been reused from the first prototype of SMART modular robot system after a study was conducted for its use with the constraints and requirements. Figure 2 shows the actuator module and the axis of rotation and their intersect at the same point. The design of the J module allows S or P-C modules to be attached and detached depending on the task performed, through the permanent connector at its Specialized module (S) may be described as the end-effector of the robot and connection attachments between modules. It may be a an attachment to help locomotion like wheel (W) and leg (L), a sensor device like radiation measurement, a tool (e.g. gripper), an accessory (e.g. additional energy platform).This type of module can be attached to a P-C module, J module or other S module. The S module provides flexibility and diversity to locomotion and manipulation tasks. Examples of S modules used as wheel S modules is shown in Fig.4 and as an probe or hand S module in Fig.5(b) . The example of using two S module is show in forming the legged locomotion robot configuration in Fig.5(a) .
The use of reconfigurable modular design approach increases the reusability and cost effectiveness of various robot configurations due to reuse of the modules. The ability to reconfigure the functions of the J modules and S modules helps the robot in planning and adjusting to different beam heights, positions and tasks.
An examples, remote inspection of a control console or radiation sampling at different locations and beam heights with varying restrictions like angle, position of reach. One of the ways fault tolerance can be achieved is through redundancy, similar to what is done in spacecraft to ensure high degree of safety by having multiple units performs same task and cross validating each other to detect faults. Also, when there is a total or partial failure in a joint module at runtime, then reconfiguration of the robot configuration can be done to recover the lost functionality. Having a modular approach also make it easier to replace modules due to maintenance and failure.
Robot Configurations
Three robot configurations achieved by the SMART modular robot are explained (wheeled configuration, legged locomotion configuration and basic arm configuration) and in the next section the simulation models are generated along with verified functionality. Figure 4 shows the two wheeled locomotion robot configuration (W2M -Two wheeled S modules attached to respective J modules and P-C module), it functions as a two wheeled robot capable of differential drive and rotation around its pivot as seen in figure 6 . Figure 5 (a) shows the two legged locomotion robot configuration (L2M -Two leg S modules attached to respective J modules and P-C module), it functions as a two legged robot with limitd leg motion but can be easily upgraded to four or six legs for better legged locomotion. 
Simulation Results and Discussions
Modelling of a modular robot system is complex due to its capability of changing and forming different robot configurations with a set of modules. The greater the number of modules added to the structure, the more complex its model. Therefore, simulation is used to exploit and access the different robot configurations of modular robot. The simulation model for SMART is obtained through the characterization of the geometric and kinematic model of each module of the modular robot system. The resulting simulated configurations exhibit the same kinematic parameters as the prototype model of the SMART robot. SMART has three types of the fundamental modules P&C Modules, J Modules and S Modules the methodology to represent modular robot configurations is achieved as a fixed shape robot for the prototype. The fixed shape robot configurations help to simplify the complexity of the robot model. To achieve simulation environment and models a three dimensional simulator Gazebo [18] is used to simulate the robot configurations and the different models. Gazebo is a physics based 3D environment for robots and is capable of simulating a population of robot models, sensors and objects. It generates realistic sensor feedback and rigid-body physics.
Model of W2M robot configuration ( Figure 6 ) featuring different functionalities that can be achieved by this Figure 6(a) shows the wheel rotation. It can perform bi-directional rotation or differential drive rotation to rotate around the center of the robot. Figure 6(b) shows that the along the vertical axis to enable the robot to be able to stand on its wheel. Figure  6 (c) shows the joint rotation for tangential movement. The different robot configurations mentioned can be used as subcomponents to create robot configurations for a specific task. Figure 7 shows the SMART robot configuration using six wheeled robot configurations (W1M is a single wheeled robot configuration with two J modules, corresponding P&C module and only one wheel S module) as subcomponents of the robot configuration to perform manipulation and locomotion tasks. Similarly another alternative configuration using 3 W1M's in the robot configuration is shown in figure 8 . In both cases (using six W1M and three W1M robot configurations) they are connected with additional modules like the base S module, tool case S module and powerbase S module depending on the need and will be called as MRC6 and MRC3 respectively(Modular Robot Configuration with 6 W1M and 3 W1M). The requirement of custom tools necessary to perform specific task has been addressed with the use of tool case S module on top and bottom of the base plate S module which hold the necessary tools for each section and the task. The tools are either individual S modules or a combination of many S modules e.g. camera, lighting, gripper or gripper with camera and lighting being used as a single tool. The requirement of long endurance for situations where manipulation and inspection needs to be performed for long hours is made possible with the help of power base S module that provides 4 hours of working time and also functions as a support for the robot configuration. The power base is equipped with spring loaded ball transfer unit on the floor surface to provide least friction during locomotion and a support structure during manipulation or inspection tasks as seen in figure  8 . The power base S module are stored along with other section specific tool modules in safe zones away from the radiation behind concrete shield in each section near the access gates. Hence the robot can leave behind the used power base in the charging station after use and travel to the next section in its reduced footprint profile, attach with a new power base and pick the necessary section tools to continue work. Figure 8 Two experimental robot configurations to perform manipulation on the maintenance consoles are the MRC6 configuration Figure 9 (b) and MRC3 configuration Figure  9 (a) with the power base which can be chosen depending on the requirement of the task and length of task execution. The arms need to pick the S modules attachments needed for the task from the tool case on the top and bottom of the baseplate. In Figure 9 two arms have picked the gripper tool which is made of camera, light and gripper S modules and the third arm holds a stereoscopic camera to provide a overview of the operation with depth perspective. This configuration helps the operator in the control station by providing an additional arm that can be moved to the best overview location to perform the task with the other two arms. The SMART robot prototype and simulations confirm the feasibility of modular robot system to reach the target location in the tunnel through modified access doors and perform remote inspection, environment survey, manipulation. Although the platform presents many advantages, care needs to be taken in providing the operator with an intuitive human machine interface. As, the number of degrees of freedom (DoF) are large e.g the MRC6 configuration has 12 joint modules. hence, depending on the type of joint module used the DoF vary between 12 DoF (using 1 DoF J modules) and 36 DoF (using 3 DoF J modules). The redundant DoF during a task execution needs to be managed to improve the efficiency and flexibility of robot configuration. The execution of the tasks in mock-ups and simulation provides an opportunity to optimise the task execution prior to deployment in real environment. It also provides the operator with possible alternative robot configurations with respect to different needs (energy optimisation, completion speed and others), which is beneficial for task execution.
Applications and Advantages

Applications
The applications of the heterogeneous modular robot system SMART prototype along with the simulator are in remote manipulation, inspection, training and emergency response. Figure 10 shows one of the applications of the Modular robot system using simplified workspace and the various tasks that are expected to be performed by the Modular robot in the Super Proton Synchrotron (SPS) secondary beam fan out from the targets in SPS North area [15] . In this workspace multiple beamlines of varying outer dimensions are present along with structural and size restrictions (raised platforms, narrows space between the beamline supports, etc.).
The tasks needed to be performed are split as follows. Remote manipulation at first location, radiation survey at the second and remote inspection at the third location. MRC3 configuration is used to perform the task. The robot enters the section through the access door in the reduced footprint orientation like in Figure 7(d) . It reaches the stored powerbase S module in the section behind shielding attaches itself along with picking up the necessary S modules (standard S modules and hybrid S modules like camera and grippers with light, camera etc.) for the task execution in the section. Next, reaches the manipulation task location to perform the task needed, by attaching necessary tools as shown in Figure 10 (a). After completing the task, it returns the tools and detaches from powerbase. The robot reduces its footprint and moves between beamlines on a raised platform to perform radiation survey using the radiation probe Figure 10(b) . After completion reaches the third section to perform remote inspection Figure 10 (c) using camera S module. Lastly, returns and the location of the powerbase S module and continues to the next task.
Remote Manipulation for Maintenance
The modular robot systems primary goal is to perform various maintenance tasks, which are performed by remote manipulation from the control room and range from manipulation on the equipment console to checking alignments of equipment and corrective maintenance of failures. The system adapts to the different accelerators facilities and their specific maintenance requirements by adjusting to the different beam height and using accelerator specific specialised (S) modules.
Remote Inspection and Radiation Survey
Various accelerator work with different particles and energy levels therefore the beam lines and tunnel varies. During inspection and survey the modular robot is able to adapt and various illumination level, height and structural limitation to perform inspection of the facility. The Radiation protection (RP) group usage of the robot to get quick radiation maps of the facilities immediately after shutdown and not requiring to wait during the cool down time would reduce downtime of the facility. Repeated surveys and inspection during the cooldown time would facilitate the different groups to understand and plan the required maintenance depending on the detailed state of the facility provided by the robot deployment. It also prevents the exposure of the RP group with the residual ionising radiation during RP surveys.
Emergency Response
In case of emergency the emergency personal or the fire brigade can use the system to access and assess the situation, and if possible avert the emergency. The robot system would act as the first person on the site in giving an assessment of the emergency. Special modules can be designed specific to the challenges of emergency response. As, the modular robot is designed for an unstructured environment with narrow access gates, it is in a better position than a conventional robot to act as an emergency response robot.
Others
The modules of the SMART system can also be used to perform specific task with users or existing infrastructure. Two examples are: First, the use of S-modules with only P-C module, where the actuation is provided by user or other equipment (cranes, magnet vehicles etc.) like the use of the camera and light modules by an operator to view and record data. Secondly, the use of the modules to create a modular arm which could be added as auxiliary module to the TIM (Train inspection monorail) [13] in LHC (Large Hadron Collider) tunnel.
Training and Testing
The simulator is useful to accelerate the ability to test new possibilities and configurations of the robot. It is also expected to train operators for the deployment and during the operation of the modular robot. The simulator provides the opportunity to add the CAD (Computer-aided design) models of the facility along with models generated from the stereoscopic cameras and lasers. It therefore reducing the time taken to recreate models of the remote environment and provides a realistic environment for testing and training. Designs of various additional modules and robot configuration can be tested which could lead to improvements for the robot configuration and future prototypes.
Advantages
Along with advantages of a modular robot system over conventional robot like adaptability, lower cost, etc. the SMART modular robot design provides easier upgrade of each module. Especially, the power and control (P-C) module. Also, additional higher computational P-C modules can be added to provide higher level control and execution of algorithms for autonomy.
Optimisation and planning
The robot configurations execution of tasks in the mockup of the workspace and the simulator would increase the optimisation and planning of the modular robot movement [19] and not only in task execution by reducing redundant movement but also in reducing the overall radiation dose taken by different modules. In the simulator, tests with various approaches can be experimented with the logged data from the deployment or from simulated data.
Fault tolerance and Detection
Fault tolerance can be achieved by using redundant modules, similar to what is done in space crafts [20] to ensure high degree of safety by having multiple units performing the same task and cross validating each other to detect faults. Also, when a joint module fails the other modules can compensate for the lost degree of freedom by reconfiguring their functions. In case of total failures of an entire module, the other modules facilitate in the recovery and return to home location. Repair of the robot is easier due to the use of few modules which facilitate easy replacement.
Fault detection can also be achieved by comparing the prior logged data with the same task being performed in the remote location. Extension of this process would be to create respective models for the various tasks, which facilitates in detecting and predicting faults.
Conclusion and Future Work
The modular robot system offers advantages over conventional robots in terms adaptability, cost effectiveness and fault tolerance. This works shows the possibility of deployment of a modular robot platform in an ionizing radiation facility to perform basic maintenance and reduce the downtime of the facility. SMART prototype has been designed to meet the requirements gathered from the scientific facility CERN for its maintenance tasks. The design has been choose after evaluating various configurations, requirements and simulations. The prototype is to be used as an evaluation platform for testing the system for safety and robustness of the modular system. After evaluation the deployed robot would be scaled in size and the materials used would be radiation hardened. In the future, there could be fault tolerant, robust and safe modular robots that can avoid human intervention in hazardous environments. Better strategies to manage the redundant degrees of freedom, safety and fault tolerance properties would be investigated along with human machine interfaces to control the modular robot system, as with addition of modules leads to more complexity.
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